The paper is an attempt to analyse whether there is or is not a relation between the thickness of ice covers that form on flowthrough lakes under constant hydrometric supervision and on endorheic lakes not under constant hydrometric supervision. In order to do so, two benchmark lakes were selected -Raduńskie Górne and Ostrzyckie and six endorheic lakes: Kamionko, Kniewo, Stare Czaple, Zamkowisko, and Żuromino, including one seasonal outflow lake -Boruckie. Additionally, data on air temperature was also taken into consideration so as to determine the thermal characteristics of the analysed period. The data was obtained from the Limnological Station of Gdansk University, collected during patrol research carried out in the winter seasons of [2003][2004][2005][2006][2007][2008]. In order to evaluate the formulas, additional measurements were made in 2016. The analysed lakes are located within the water catchment area of the upper Radunia in the central part of the Kashubian Lakeland. The benchmark lakes are located in the Radunia-Ostrzyce tunnel valley while the endorheic ones are located on the postglacial upland. The data analysis has revealed a strong relationship between the ice cover thickness on the benchmark lakes and the endorheic ones. Based on the analysis, models were developed for calculating ice thickness on the small endorheic lakes.
Introduction
The emergence and disappearance of ice phenomena on lakes is characterised by a certain level of regularity, both annual and multiannual . Usually, ice phenomena are analysed on lakes which are under constant hydrometric supervision. Ice phenomena on lakes that are not constantly monitored are observed during patrol measurements at certain intervals. Generally, those measurements are carried on one or several lakes simultaneously; the lakes are usually large, deep and flow-through (Bengtsson 1996; Assel 1999; Kuusito 1994; Duguay et al. 2006; Karetnikov and Naumenko 2008; Ghanbari et al. 2009; Marszelewski and Skowron 2009; Trusewicz et al. 2009; Brown and Duguay 2010; Solarski et al. 2011; Barańczuk et al. 2017; Choiński 2017 ). Ice cover is systematically observed only on two lakes in the catchment area of the upper Radunia: Lake Ostrzyckie and Lake Raduńskie Górne (the benchmark lakes) (Barańczuk and Marchlewicz 2003; Borowiak and Barańczuk 2004; Skowron 2011; Choiński et al. 2015; Wrzesiński et al. 2015 Barańczuk 2018) . This means that reconstruction of a general/current ice regime in the whole catchment area is possible only on the basis of approximate calculations using empirical formulas . Generally, endorheic lakes are not taken into consideration when analysing ice regimes, yet in the upper Radunia catchment area they are in the majority . There are approximately 1400 endorheic lakes in the analysed area and only 16 flow-through ones (lakes Nierzostowskie and Łączyńskie are counted as bays of Lake Raduńskie Dolne) (Maślanka and Barańczuk 2007) . Only 16 out of 1400 endorheic lakes are larger than 1 ha . Thus, a question emerges: What is the course of ice phenomena on such lakes? In order to answer this question, 6 endorheic lakes, having different morphometric characteristics (Table 1) and thermal regimes (Barańczuk 2015) , were selected. Therefore, the main objective of the study was to answer the question whether the hydrometrically supervised Lake Raduńskie Górne and Lake Ostrzyckie can be benchmark lakes for evaluating the course of ice thickness on the endorheic lakes of the upper Radunia which are not constantly monitored.
Study Area
In order to determine whether the benchmark lakes -Raduńskie Górne and Ostrzyckie -may or may not be used for setting the course of ice phenomena on the endorheic lakes of the upper Radunia the following lakes were selected: Boruckie (seasonal outflow), Stare Czaple, Komionko, Kniewo, Zamkowisko and Żuromino. All these water bodies are located in the northern part of Poland, in the water catchment area of the upper Radunia (Fig. 1) , and within the Kashubian Lakeland. The selected benchmark and endorheic lakes have different hydrological and morphometric characteristics (Borowiak and Barańczuk 2006) . The benchmark lakes are flow-through ones and they are part of the Radunia-Ostrzyce tunnel valley water system, while functioning of the endorheic lakes depends mainly on the vertical (atmospheric) water exchange .
According to the morphometric parameters, the benchmark lakes are much bigger than the endorheic ones (Table 1) . Lake Raduńskie Górne covers an area of 382.7 ha (Barańczuk et al. 2017) and it is the largest of the analysed water bodies; Lake Ostrzyckie is the second largest covering 308.0 ha (Borowiak and Barańczuk 2004) . As for the endorheic lakes, the area they cover varies from 21.6 ha (Lake Kniewo) to 4.7 ha (Lake Stare Czaple). Similarly, Lake Raduńskie Górne has the greatest volume (60158.7 dam 3 ) while Lake Stare Czaple the smallest -314 dam 3 (Barańczuk 2015) .
Research methods
In order to verify the hypothesis, data for the selected endorheic lakes obtained during fieldwork in the winter seasons of 2003-2008 were used. Moreover, the developed formulas were verified with the use of data obtained during additional fieldwork done in 2016. The fieldwork included each and every selected lake without determining the structure and type of ice, which is in line with the instruction issued by the Institute of Meteorology and Water Management (IMGW). The ice cover thickness was measured 15 metres from the lake shore with an accuracy of 0.5 cm. What is more, for each of the selected lakes seventeen measurements were made during all three phases of icing: emergence, duration, and receding of ice cover. The measurements were carried out within a time frame that allowed a homogenous data series for each and every selected lake to be collected.
Additionally, in order to determine the relation between the benchmark and the analysed endorheic Fig. 1 . Location map of the study area: 1 -Lake Ostrzyckie, 2 -Lake Raduńskie Górne, 3 -Lake Boruckie, 4 -Lake Kamionko, 5 -Lake Kniewo, 6 -Lake Stare Czaple, 7 -Lake Zamkowisko, 8 -Lake Żuromino lakes the data obtained for the benchmark lakes were also used. Measurements, including those of ice cover thickness, are made every day in the winter season on Raduńskie Górne Lake -both starting and ending points of the ice cover measurements are set by the observer on the basis of his own experience and knowledge on when it is safe to step out onto a frozen lake (Barańczuk et al. 2017) , and every five days on Ostrzyckie Lake (Barańczuk 2018) . The data on air temperature were obtained from the Limnological Station of Gdansk University in Borucino, and according to the suggestions of the IMGW. The measuring station is located 100 metres from the ice cover thickness measuring sites.
Results
The analysis has demonstrated that during the period of 2003-2008 the benchmark lakes were covered with ice only during the winter seasons of the following hydrological years (from November of the preceding year to October of the current year) 2003, 2004, 2005, 2006 and 2008. That is why only the data obtained during the winters when the ice cover thickness was measured on the endorheic lakes was analysed and on the basis of these analyses the empirical models of ice cover thickness on small endorheic lakes in the upper Radunia catchment area have been developed (Table 2) .
The analysis has shown that the course of ice phenomena on Lake Boruckie (ICT Bo ) is generally similar to that observed on Lake Raduńskie Górne (ICT RG ) ( Fig. 2A , Table 2 ). Thus, there is a statistically significant relationship between the ice thickness on both of these lakes, which has been confirmed by the high determination coefficient (R 2 = 0.822; p <0.05). When taking lakes Ostrzyckie (ICT Os ) and Boruckie into consideration, the courses of ice phenomena are even more similar and statistically more significant (R 2 = 0.860; p <0.05). According to the elaborated model, whilst the ice cover is emerging on Lake Raduńskie Górne, the ice cover thickness on Lake Boruckie is already 13.5 cm, and on Lake Ostrzyckie -5 cm. According to field measurements real values were slightly different and amounted to 16 and 5 cm, respectively, on Lake Boruckie and Lake Ostrzyckie.
The analysis of the ice cover thickness on the benchmark lakes and on another endorheic lake -Kamionko (ICT Ka ) (Fig. 2B, Table 2 ), also allowed a strong statistical dependance to be determined. In this case the relationship was even stronger (R 2 = 0.912; p <0.05) than the one stated between Raduńskie Górne and Boruckie lakes. When taking the ice thickness on Lake Ostrzyckie into the model the relationship will be even stronger (R 2 = 0.932; p <0.05). Detailed inspection of the graphs visible in Figure 2B shows that the scattering of points along regression curves was lower than in the case of Lake Boruckie, and the calculated values of the ice thickness were also more convergent with the measurements.
Lake Kniewo (ICT Kn ) was the third analysed endorheic lake (Fig. 2C , Table 2 ). However, in this case the relationship between the course of ice phenomena on the benchmark lakes and on Lake Kniewo was slightly weaker than in the case of the previous lake. The statistical strength of the relationship between ice thickness on lakes Raduńskie Górne and Kniewo was described by R 2 = 0.843 (p <0.05). When Ostrzyckie and Kniewo lakes were added to the model this relationship slightly increased (R 2 = 0.871; p <0.05). According to the empirical formula at the beginning of ice cover formation on Lake Raduńskie Górne, the ice cover on Lake Kniewo is already 15 cm thick, and by field measurements it was 18 cm. At this moment the ice thickness on Lake Ostrzyckie was 5 cm.
A statistically significant relationship was also found between the thickness of ice cover on the benchmark lakes and that on Lake Zamkowisko (ICT Za ) (Fig. 2D , Table 2 ). The relationship between the ice thickness on this lake and Lake Raduńskie Górne was the weakest in the whole group of studied endorheic lakes (R 2 = 0.793) Table 2 . Ice cover thickness models for the endorheic lakes of the upper Radunia catchment area constructed on the basis of the data regarding the benchmark lakes: Raduńskie Górne and Ostrzyckie. Explanations: ICT RG -ice thickness on Lake Raduńskie Górne, ICT Os -ice thickness on Lake Ostrzyckie, ICT Bo -ice thickness on Lake Boruckie, ICT Ka -ice thickness on Lake Kamionko Lake, ICT Kn -ice thickness on Lake Kniewo, ICT SC -ice thickness on Lake Stare Czaple, ICT Za -ice thickness on Lake Zamkowisko, ICT Żu -ice thickness on Lake Żuromino (the ice cover thickness is in centimetres) but still statistically significant (p <0.05). Contrary to the above mentioned relation in the model with Lake Ostrzyckie as a benchmark lake, such a relationship was one of the strongest (R 2 = 0.878 and p <0.05). The analysis of ice cover seasonal changes on lakes Raduńskie Górne and Zamkowisko has shown similar results to that obtained for Lake Kniewo (Fig. 2C) . However, results of the field measurements were slightly different. While the ice cover was emerging on Lake Raduńskie Górne, it was already 19 cm thick on Lake Zamkowisko. This was the thickest ice cover observed from all of the studied small water bodies at the beginning of ice formation on Lake Raduńskie Górne.
The next analysed water body was Lake Stare Czaple (ICT SC ) (Fig. 2E, Table 2 ). In the case of this lake the relationship revealed was very strong in both applied models. Determination coefficients were R 2 = 0.883 and R 2 = 0.907, respectively, when the benchmark lakes were Lake Raduńskie Górne and Lake Ostrzyckie. The significance level both of these relationships was also statistically satisfying (p <0.05). In accordance with the model the ice cover thickness on Lake Stare Czaple reached 12 Fig. 2 . Relationship between the ice cover thickness (in cm) on the studied small endorheic lakes (A -Boruckie, B -Kamionko, C -Kniewo, D -Zamkowisko, E -Stare Czaple, F -Żuromino) and the benchmark lakes: Raduńskie Górne (1), and Ostrzyckie (2) cm, whilst on Lake Raduńskie it was scarcely emerging. Field measurements conducted in the studied period have shown that the ice cover at this moment of time on Lake Stare Czaple was already 15 cm thick.
The last analysed lake was Lake Żuromino (ICT Żu ). As in the previous cases, here a statistically significant relationship between the ice cover thickness on the benchmark lakes and Lake Żuromino was indicated (Raduńskie Górne: R 2 = 0.839, p <0.05, and Ostrzyckie: R 2 <0.861, p <0.05) (Fig. 2F, Table 2 ). Throughout the entire research period, the ice conditions on this lake have been found to be very similar to those observed on Lake Boruckie (Fig. 2A) .
Discussion
Processes that occur in lakes result from many different factors. Usually, only the macro-scale factors are taken into consideration and that is why it is assumed that lakes located in the same region have the same characteristics. However, this is not always true and there are examples of lakes located near each other yet having different parameters (Choiński and Ptak 2012) .
Nonetheless, the main factor determining duration time and thickness of ice cover is the air temperature and its seasonal fluctuations. The collected data on the ice cover thickness on the small endorheic lakes of the upper Radunia made it possible to verify whether lakes Raduńskie Górne and Ostrzyckie may be treated as benchmark lakes for evaluating the ice cover thickness regime on these lakes. The analysis has determined the existence of statistically significant dependences between the ice cover thickness of the benchmark lakes and each of the studied small endorheic lakes. The statistical significance of the above-mentioned relationships was confirmed by high and very high determination coefficients falling into the range of 0.793-0.932, and the significance level of p <0.05.
An extremely strong statistical relationship has been found between the ice cover thickness on Lake Ostrzyckie and Lake Kamionko (R 2 = 0.932). So, the ice cover thickness changes observed on Lake Kamionko of more than 93% can be explained by changes of the ice cover thickness regime on Lake Ostrzyckie (Barańczuk 2015) . The weakest determined relationship was between the ice thickness on Lake Raduńskie Górne and Lake Zamkowisko as the determination coefficient equals 0.793. In this case the ice cover thickness changes observed on Lake Zamkowisko of less than 80% can be explained by changes in the ice cover thickness regime on Lake Raduńskie Górne. The thickness of the ice cover of Lake Zamkowisko of over 21% is shaped by other factors than the thickness of ice on Lake Raduńskie Górne.
In the literature regarding ice phenomena in lakes different factors are given as those impacting ice cover thickness. Often, not only air temperature, determined by local orography, is listed as a factor affecting the ice regime of a lake but also morphometric features, in particular its mean or maximum depth, are listed (Barańczuk and Marchlewicz 2003; Borowiak and Barańczuk 2004; Marszelewski and Skowron 2009; Choiński and Ptak 2012) . Moreover, in many research papers authors mention water circulation, groundwater inflows, water residence time and other factors affecting a particular catchment area, such as human impact on the environment and eutrophication processes which affect transparency of the water (Borowiak 2011; Skowron 2011; Solarski et al. 2011; Choiński and Ptak 2012; Barańczuk 2018) . Some other researchers also deal with the display of ice phenomena in selected areas (Leshkevich and Nghiem 2007; Nazari et al. 2009; Nazari and Khanbilvardi 2011; Dorofy et al. 2016) . Their work focuses mainly on refining the algorithm distinguishing surfaces such as water, ice or snow based on satellite images (Dorofy et al. 2018) . However, these data are not processed in real time, which greatly complicates the verification of the results obtained in the field.
In order to verify the models presented above, the results obtained by calculation were compared with the field measurements done in 2016 (Table 4 ). The measured ice thickness on the selected lakes was generally larger by 1.4 to 5.0 cm than the ones calculated using the M RG and MOs models. The largest difference between calculated and observed ice thickness (5.0 cm) was recorded on 9 th January 2016 on Lake Boruckie and the smallest on 17 th January 2016 on Lake Kamionko, where it was 1.4 cm. However, the percentage analysis has shown that the calculated thickness was 79% of the real value for Lake Boruckie, and nearly 94% for Lake Kamionko, which may be considered a satisfactory result.
Although the calculated values regarding the ice cover thickness do not fully match the actual measurements the accuracy of prediction is satisfying. The average differences between real and observed ice thicknesses are 3,4 and 2,9 cm, respectively, for Lake Raduńskie Górne and the Lake Ostrzyckie model. The maximum disparity was observed for Lake Żuromino (over 4.0 cm), and the minimum for lakes Kamionko i Zamkowisko (2.5 cm). For other lakes it was about 3.0 cm. The best model turned out to be the one for Lake Ostrzyckie. In this model the average difference calculated for all lakes was below 3.0 cm. For the Lake Raduńskie Górne model it was almost 3.5 cm.
The presented formulas allow the thickness of the ice cover development on the analysed endorheic lakes of the upper Radunia to be assessed with reasonable precision. Thus, they are useful when complementing the general knowledge on the ice cover regime in the catchment area of the upper Radunia.
Conclusions
On the basis of the data on the ice cover thickness on a group small endorheic lakes of the upper Radunia obtained during the fieldwork conducted in the years 2003-2008 some significant relationships between the ice thickness on these lakes and on two large and constantly monitored lakes located in the catchment have been revealed. Thus, the hydrometrically supervised lakes Raduńskie Górne and Ostrzyckie may be treated as benchmark water bodies when evaluating the ice cover regime on the unsupervised endorheic lakes of the upper Radunia when having only a short data series.
The comparison of collected field measurements allowed a set of practical empirical equations to be developed for calculating ice thickness on six selected lakes. These formulas allow an estimation of the thickness of the ice cover on the unsupervised small endorheic lakes of the upper Radunia on the basis of data on one of the benchmark lakes -Lake Raduńskie Górne or Lake Ostrzyckie. 
